Isolated pea chloroplast thylakoids ordinarily have ribosomes attached which survive sequential washes. Extensive in vivo loss of these thylakoidbound ribosomes occurred if the pea plants were placed in the dark without 02 for 2 or more hours. This loss was indicated from measurements of both the total thylakoid-bound RNA levels, and the capacity for amino acid incorporation into proteins on the addition of soluble enzymes for protein synthesis. Stroma ribosome profiles lost any indication of polysome structure due to the same anoxic treatment in vivo. The return of ribosomes to the thylakoids when plants were placed in the light in air occurred over an 8-hour time course. This return was prevented by lincomycin, spectinomycin, and chloramphenicol, indicating a requirement for protein synthesis steps in the stroma at some point in the reassociation process.
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The 70S chloroplast ribosomes are found both free in the stroma and attached to thyalkoid membranes in higher plants, as well as in Chlamydomonas (see 2 for references). Evidence has accumulated indicating that the membrane-bound ribosome population is engaged in the synthesis of membrane proteins (2, 6, 7, 10, 12, 14, 15, 17) . The proportion of the ribosomes bound to membranes in isolated chloroplasts was reported to be about 50%o in earlier publications (7) . By taking into account the large degree of outer envelope breakage and loss of stroma in these preparations, Tao and Jagendorf (17) calculated that only 20% of the total 70S ribosomes in peas and spinach chloroplasts are present in bound form. This proportion in turn could be variable, in view of the finding by Chua et al. (6) that the number of 70S ribosomes attached to membranes in Chlamydomonas is at a maximum in the light when membrane proteins are being made, and drops precipitously when the algae are put into darkness.
We are interested in studying the process by which ribosomes are attached to thylakoid membranes of higher plants. To 8.5 . The ribosomes were collected by centrifuging for 3.5 h at 50,000 rpm in the Beckman 50.2 Ti rotor (L5-50 ultracentrifuge). The ribosomal pellet was resuspended and stored as described previously (2) for membrane-bound ribosomes.
Measurements of Chi, Bound RNA, and Protein Synthesis. Chl was estimated by the method of Arnon (3) . Thylakoid-bound RNA was measured by a procedure involving its extraction, and enhancement of the fluorescence of ethidium bromide (1). Protein synthesis reactions were carried out as described earlier (2) (Table I ). Both the amount of RNA/mg Chl and the per cent reduction due to anoxia were quite variable, the latter ranging from 91% loss (experiment 1 of Table I ) to only 52% loss (experiment 3). The numbers shown in Table I were obtained with plants kept anoxic overnight as a matter of convenience. Similar decreases were obtained during 2-h anoxic periods (data not shown).
Recovery from Anoxia. Plants which had been under anoxia for 16 h were exposed to air and illuminated. After varying periods of time leaves were harvested, the thylakoid membranes were isolated, and tested for protein synthesis (Fig. 4) . Some time between 4 and 8 h after the start of illumination the protein synthesis ability had reached that of the control membranes, and at 8 h the previously anoxic membranes occasionally showed a rate of protein synthesis greater than that seen with control membranes.
Stroma ribosomes obtained from plants in light for 8 h following anoxia incorporated 1,900 cpm/,tg RNA. Since this is very close to the level obtained from control stroma ribosomes (Fig. 2) , it indicates that the stromal ribosomal population also recovers the ability to carry out protein synthesis during the 8-h illumination. The profile from sucrose density gradient centrifugation of stroma ribosomes (Fig. 3) 200 ,ug/ml of either spectinomycin, chloramphenicol, or lincomycin (8, 9) . After 4 h in the light, levels of thylakoid-bound RNA were determined, and compared to those of control samples harvested before recovery in light. Both spectinomycin and chloramphenicol completely prevented the reassociation of ribosomes with the thylakoid membranes (Table  II) , and lincomycin inhibited the reassociation about 60%. Spectinomycin in vivo had no effect on the recovery of protein synthesis by stroma ribosomes as measured in vitro. In a typical experiment stroma ribosomes from plants illuminated with spectinomycin incorporated 1,900 cpm/,ig RNA during a 30-min reaction, where those from plants illuminated without spectinomycin incorporated 2,100 cpm/ug RNA.
DISCUSSION
Both the ability to incorporate amino acids into proteins, and sucrose density gradient profiles (2) indicated the existence of functional ribosomes and at least some mRNA bound to washed thylakoid membranes of pea chloroplasts. These (functional) ribosomes were detached in vivo when the plants were deprived of energy by putting them under anoxic conditions in the dark. This conclusion is supported both by the loss of ability to incorporate amino acids into protein (Fig. 1) and measurements of total RNA/ mg Chl (Table I) .
Subsequent to the work reported here, the amount of RNA/mg Chl was found to be a very strong function of the age of the leaf on a given plant (L. Fish, unpublished data) and of the age of the seedlings used (T. Yamomoto, unpublished data). Very young leaves or very young plants may have 5 to 10 times as much RNA on a Chl basis as do mature leaves; however, the nature of the binding and factors involved in its dissociation do not appear to vary between young and old leaves. Differences in age of the material probably account for the strong variability in the ratio of RNA to Chl found in the work reported here, performed before this factor was appreciated (compare control thylakoid RNA levels in experiments 1 and 4 of Table I with anoxic levels of experiment 1 in Table II ). In all cases anoxic conditions caused a very significant decrease in bound RNA levels ( Table I) and recovery of bound RNA always occurred when plants were illuminated again in air.
Anoxic conditions are known to cause breakdown of plant polysomes in vivo (11) , and this occurred with chloroplast ribosomes as well (Fig. 3) . It is possible that the anoxia-induced chain termination and runoff from mRNA lead directly to automatic dissociation of ribosomes from thylakoid membranes. In vitro studies with salt-induced ribosome dissociation from membranes suggest that up to 35% of thylakoid-bound ribosomes are not associated with nascent chains (in preparation). Thus, chain termination may not be a sufficient cause for dissociation from thylakoids in vivo. Additional factors (influenced by the dark and anoxic conditions used here, or by simple darkness as in Chlamydomonas (6)) may be involved. Ribosome dissociation from thylakoid membranes is reversible in vivo, as 5 h of illumination in air was sufficient to restore protein synthesis ability in membrane-associated ribosomes (Fig. 4) , the control level of membrane-bound RNA (Tables I and II) , and a detectable level of polyribosomes in the stroma (Fig. 3) . Protein synthesis had to occur in the stroma in vivo before attachment of ribosomes to the thylakoids could take place, as indicated by the inhibition of ribosome attachment by inhibitors of 70S ribosome function (Table II) . In bacterial systems spectinomycin had no effect on initiation, only on translocation (5) . That is probably the case here also, since ribosomes derived from the stroma of spec- 
